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The composition and mode of attachment of Cu(ll) complexes
at the y-Al,O,—water interface in suspensions containing a simple
amino acid (glutamate) were characterized with EXAFS and
FTIR spectroscopies. The spectroscopic results indicate that two
types of Cu(ll)-glutamate-alumina interactions are primarily re-
sponsible for Cu(ll) and glutamate uptake between pH 4 and 9. In
acidic suspensions of alumina, glutamate forms a bridge between
Cu(ll) ions and the (hydr)oxide surface (Type B complex). In this
Type B surface complex, Cu(ll) is bonded to amino acid head-
groups (i.e., "H;NCHRCOO™) of two glutamate molecules. Spec-
troscopic and ionic strength dependent uptake results are com-
bined to propose that the nonbonded side chain carboxylate
groups of this complex are attracted to the oxide surface through
long-range forces, leading to enhanced Cu(ll) uptake relative to
the glutamate-free system. In alkaline suspensions the relative
amount of surface-bound Cu(ll) complexed by glutamate de-
creases, and a direct Cu(ll)-surface bond becomes the dominant
mode of attachment (Type A complex). These surface complexes
differ markedly from the species found in the alumina-free Cu(ll)-
glutamate aqueous system under similar solution conditions,
where Cu(H,0):* and Cu(glutamate)3™ are the dominant species
in acidic and alkaline solutions, respectively. Based on these spec-
troscopic results, surface complexation reactions are proposed for
the Cu(ll) and glutamate ternary interactions with the alumina
surface in this system. Similarities between the results of this study
and Cu(ll) uptake behavior and complexation in the presence of
natural organic material (NOM) indicate that Cu(ll)-glutamate
interactions mimic those in more complex Cu(11)-NOM-mineral-
water systems. © 1999 Academic Press
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INTRODUCTION

Cu(ll) is essential for many enzyme functions in plant
animals, and humans (1, 2). However, slightly elevated Cu(ll
concentrations as a result of contamination from mine tailin%
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effluent, agricultural runoff, or industrial and public wastewa-
ter discharge may be toxic to plants and animals in marine an
fresh water ecosystems (3, 4). Reactions occurring at meta
(hydr)oxide—water interfaces often control the dissolved con
centration of Cu(ll), and therefore its (bio)availability and
toxicity in the surface and ground waters of these ecosystem
A number of past studies have used both macroscopic ar
spectroscopic measurements of Cu(ll) interactions wit
(hydr)oxide surfaces in simplified laboratory systems to de
velop predictive models of Cu(ll) concentration and speciatior
in natural waters. However, models developed based on sin
plified systems may not adequately represent Cu(ll) uptake i
natural systems because the latter often contain organic matt
that can significantly alter interactions between Cu(ll) anc
(hydr)oxide surfaces (5, 6). This natural organic matter (NOM]
ranges from high molecular weight humic substances to simpl
multifunctional organic molecules, and is present in wastewa
ter and soil-water systems as dissolved species, colloidal m
terial, and coatings on Al- and Fe-(hydr)oxides (7). In these
systems, NOM may interact directly with either metal-
(hydr)oxide surfaces or dissolved metal ions and thereby alte
metal ion uptake. By bonding to metal-(hydr)oxide surface
functional groups, organic molecules can block sorption site
or enhance dissolution rates (8). In addition, by virtue of its
multiple functional groups, NOM may interact with metal ions
and surface functional groups simultaneously, leading to les
predictable effects on uptake. The polyfunctional and structur
ally labile character of NOM makes it difficult to probe these
complex Cu(ll)-organic-surface interactions with conven-
tional spectroscopic methods. Thus, to develop the molecula
level mechanistic understanding required to predict Cu(ll) con
centrations in environmentally relevant systems, we must use
simpler organic compound that has functional groups repre

Yentative of NOM and is amenable to spectroscopic analyse

) In this study we have chosen glutamic acid as a surrogate ft
M because it contains one amine and two carboxyl func
tional groups. These functional groups are common constitt
ents of NOM (9), complex strongly with Cu(ll), and interact
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FIG. 1. Schematic atomic structure of Cu(glutamatejomplex in solution, based on ESR (11), IR, and XAS (this study) spectroscopic resaitsino,
a-carboxylate, ang-carboxylate functional groups of glutamate are labeled. The equatorial oxygen {feh@late carbon (Cu—C), and nonbondedarboxyl
oxygen (Cu—Q) single scattering paths (dashed lines) and linear (MS1) and interequatorial (MS2) multiple scattering paths (dotted lines) used to fit E
spectra are discussed in the text.

with Al- and Fe-(hydr)oxide surfaces. Importantly, unlike simare free to interact with the surface. However, because ES
ple organic molecules (e.g., salicylic acid) whose functionaiterpretation normally relies on a comparison of spectral pa
groups interact directly with either the metal—(hydr)oxide surameters between unknown and model systems, direct info
face or a dissolved metal ion, glutamate’s functional groups aretion about the coordination environment of Cu(ll) in this
sufficiently distant to permit one group to complex Cu(llpystem is not available. In addition, the ESR results do na
while another may interact directly with the metal—(hydr)oxidprovide any information about the nature of the interactior
surface (Fig. 1). Thus the range of possible interactions amadoefween glutamate and the oxide surface.

glutamate, Cu(ll), and metal-(hydr)oxide surfaces is similar to Cu(ll)—glutamate surface complexes may be classifies
those in natural systems. Furthermore, Davis (10) reportedsed on two types of interactions, of which either or botf
results of Cu(ll) uptake by colloidal aluminum hydroxide in th@rrangements of the complex could be present at the meta
presence of NOM extracted from lake water that closely réaydr)oxide—water interface. Type A ternary surface com:
semble Cu(ll) uptake in the presence of glutamate. plexes interact with the surface through Cu(ll), while Type B

In macroscopic batch experiments, glutamate enhansesface complexes interact with the surface through glutama
Cu(ll) uptake by Al- and Fe-(hydr)oxides in acidic suspensiorianctional groups (14). The ternary surface complex may be ¢
and inhibits uptake in alkaline suspensions (11-13). Davis atiek inner-sphere type which involves the formation of chemica
Leckie (13) concluded that simple competition between (honds with the metal-(hydr)oxide surface, and the stability o
(ID—(hydr)oxide surface complexation and Cu(ll)—glutamatthese complexes depends on the strength of the bond to t
complexation in solution is not sufficient to describe Cu(llyurface. Ternary complexes may also attach to the surface v
uptake in this system. Although they proposed mechanisms outer-sphere mode, in which case the bonding is electr
that may be responsible for the modified uptake behavior, teetic, hydrogen, or hydrophobic, and their uptake behavio
mode of sorption cannot be determined directly without spearay be sensitive to changes in the concentration of ioni
troscopic information. species.

Spectroscopic studies can reveal both the stoichiometry andA\ combination of extended X-ray absorption fine structure
the distribution of Cu(ll)—glutamate surface complexes. FQEXAFS) and Fourier transform infrared (FTIR) spectrosco-
example, an electron spin resonance (ESR) spectroscopic stpidyg are well-suited for probing the structure and bonding o
was used to infer that Cu(ll) at an Al-hydroxide surface idilute metals and organic molecules in water-saturated san
predominantly chelated by the amine and neighboring carboxtes. EXAFS spectra contain information about the distanc
functional groups of two glutamate molecules in acidic su$R), coordination numbersN), and identity of first, second,
pensions and a single glutamate molecule in alkaline suspand third atomic shells located witha 5 Aradius of Cu(ll).
sions (11). These data provide indirect constraints on tBecause the protonation state and complexation (i.e., chen
number of Cu(ll) bonds and glutamate functional groups theally bonded to A" or Cu*") of carboxyl and amino functional
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groups have characteristic vibrational frequencies, FTIR praith filtered, doubly deionized water, which had been strippec
vides information about the coordination and bonding of glwf dissolved CQeither by boiling under a Natmosphere or by
tamate’s functional groups. constant sparging with argon. Solutions containing both Cu(ll
The objectives of this study are to use spectroscopic obsand glutamic acid were stored in opaque bottles to avoi
vations to develop a set of reactions that account for Cu(pphotocatalyzed degradation. Solutions were kept for no longe
uptake ony-Al,O; in the presence of glutamate and to assefizan a month. All salts and standard solutions were reage
the chemical forces that bind Cu(ll)—glutamate complexes @gtade or better.
the y-Al ,O;—water interface. We find from EXAFS and FTIR . .
results that a 1-to-2 Cu(ll)—glutamate Type B ternary surfatéPteke Studies and Sample Preparation
complex is the predominant surface species in acidic suspenExposure to CQ@ was minimized either by sparging the
sions. We infer from FTIR and macroscopic uptake measurample with humidified Ar (FTIR experiments) or by preparing
ments that long-range forces are primarily responsible fthe sample in a low CO(<10 " atm) glove box environment
binding this complex at the Al—-(hydr)oxide—water interface. I(uptake and EXAFS experiments). FTIR measurements col
increasingly alkaline suspensions, a 1-to-1 Cu(ll)-glutamdiemed that relative to samples prepared in ambient atmosphe
inner-sphere Type A ternary surface complex becomes theth methods successfully purged Citbom the system.
dominant surface species. These results demonstrate that A batch of alumina for uptake experiments was prepared b
fundamental understanding of Cu(ll) uptake in this simplifiecesuspending 10 g/liter of the prerinsed alumina in a 0.1 N
laboratory system is an essential step toward building preddaNG; solution. While the suspension was vigorously stirred,
tive models of Cu(ll) mobility in surface and ground watea 5-ml aliquot was removed with a pipette and transferred int
systems containing more complex organic compounds. a polypropylene bottle. The delivery method was calibrated t
ensure that each sample contained 62%liter of alumina
surface. An accuracy of 5% was estimated by measuring tk
dry weight of sequential 5-ml aliquots. Samples were adjuste
to pH 4.5 by adding 63l of 0.1 M HNO;. After the samples
were equilibrated for 2 h, an aliquot of a stock solution con-
The~y-Al,O; powder was purchased from Degussa under t&ning Cu(ll) and/or glutamate was added along with a pre
brand name Aluminum Oxide C. The manufacturer reportetktermined amount of HNOor NaOH. Additional electrolyte
the purity (99.6%), surface area{BET 100+ 15 nt/g), and solution was added to achieve an 8-ml final volume before th
average particle diameter-(L3 nm). Surface impurities0.05 bottle was capped and placed on an end-over-end rotator. Aft
wmol/m?) were not detected by X-ray photoelectron spectrog4 h, the pH of the suspension was measured, and aliquots f
copy using a Surface Science S-Probe spectrometer wih(ll) and glutamate analysis were passed through aufh2-
monochromatic ALa X-rays and a hemispherical mirror elecilter (VWR) in order to remove residual alumina colloids.
tron energy analyzer. Therefore, the prereacted powder wa€u(ll) concentrations were measured with a Perkin—Elme
assumed to be purgAl,O;, and no cleaning or heat treatmenf000 Flame and Graphite Furnace Atomic Absorption Spec
was attempted. They-Al,O; was prerinsed with a 0.1 M trometer. Uniformly labeled (C-14) glutamic acid (Sigma) was
NaCl/NaNGQ; solution for 24 h prior to reaction with a metal-measured using a Hewlett—Packard liquid scintillation countel
bearing solution in order to swamp the surface with the chos&he amount of a component associated with the alumina su
electrolyte and hydrolyze surface functional groups. A diffudace (i.e., uptake) was taken to be the difference between tt
reflectance FTIR study demonstrated thail ,O; is not stable total analyzed concentration of a constituent in a sample witk
in aqueous suspensions, and a transformation to a bayerite-bke alumina present (blank) and the concentration analyzed
phase B-Al(OH);) occurs at the surface (15). Therefore, wéhe filtered supernatant. Surface coverage was normalized
assume that near-surface®Alatoms are present in octahedrasurface area and is reported in unitswofiol/m?.
coordination by amphoteric oxygen atoms (i.e., oxygen atomsSamples for spectroscopic studies were prepared by su
bonded to zero, one, or two hydrogen atoms) rather than ipanding 625 rliter of the prerinsed alumina in 50 ml of a 0.1
combination of octahedral and tetrahedral coordination as dd-NaNO; solution. Suspensions were adjusted to pH 4.5 with
curs in bulky-Al,O;. We refer to these oxygen atoms expose20-ul aliquots of 0.1 N HNQ. A 5-ml aliquot of a Cu(ll),
at the surface prior to reaction as surface functional groups agidtamate, or Cu(ll)—glutamate stock solution was added afte
to the rinsedy-Al,O; powder as alumina. 2 h of equilibration at pH 4.5. The suspension pH was thel
A 0.1 M Cu(NG;), solution standard from Orion was used aadjusted to the final pH with 2p4 aliquots of 0.1 or 0.05 N
the source of Cu(ll) for uptake experiments and EXAFS sartow-carbonate NaOH. After a 24-h equilibration period on an
ple preparation. Samples for FTIR studies were prepared frand-over-end rotator, the samples were centrifuged at 18k rp
a Cu(NQ),—9H,0 salt (obtained from Fluka). Solutions confor 15 min. (Beckman), and an aliquot of each supernatant we
taining glutamic acid were prepared by dissolving its monospassed through a 042m filter in order to quantify Cu(ll)
dium salt (obtained from Alpha). All solutions were preparedptake using the method described above.

EXPERIMENTAL

Materials
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FTIR samples were prepared with Chs the background Grams/32 V5 (Galactic Industries) data analysis software. Vi
electrolyte in order to avoid spectral interference from therational modes were identified and described by fitting the
stretching mode of the nitrate ion. A series of duplicate uptakpectra with a series of Gaussian functions. Peak position
points measured in solutions with NaCl as the supportifgll-width at half-maximum (FWHM), and peak height were
electrolyte demonstrated that under the solution conditions\adried during fits of the processed data.
this study the extent of glutamate and Cu(ll) uptake on alumina
is independent of whether NOor CI" is the counter ion. ExAFS Experimental Procedure and Data Analysis
Samples prepared for FTIR measurements were transferred
directly from the reaction vessel into the sample cell, whereasCu K-edge EXAFS data were collected at the Stanforc
samples prepared for EXAFS analysis were deposited on fil@ynchrotron Radiation Laboratory on wiggler beam line 1V-3
paper to wick away excess supernatant prior to sealing the weth the storage ring operating at 3.0 GeV and electron cur
paste into a Teflon sample holder with mylar tape. Thents between 40 and 100 mA. The resolution achievable wit
mounted sample was wrapped in wet paper towels and douldeSi(220) ¢ = 0°) double-crystal monochromator was esti-
bagged while in the Natmosphere, for transfer to the expermated to be 3 eV at the G(redge (-8980.3 eV). Higher order
imental station where spectroscopic measurements were germonics in the incoming beam were excluded by detunin

formed. the monochromator<(25%) and inserting a Pt-coated har-
monic rejection mirror downstream from the monochromator
FTIR Experimental Procedure and Data Analysis Model compound data were collected in transmission mod

with the sample perpendicular to the beamKGuluorescence

Infrared spectra were recorded with a Perkin—Elmer Spdecem solution and sorption samples was collected with the
trum 2000 FTIR spectrometer equipped with a liquidddoled sample at a 45° angle to the beam using either a 13-eleme
MCT (mercury cadmium telluride) detector. The solid andolid state Ge detector (Canberra) or a Stern—Heald-type d
solution samples were analyzed by the attenuated total refleastor (16) with Ag-coated Sollar slits, Ar gas in the ion
tance (ATR) technique using a Perkin—Elmer horizontal Amtahamber, and an Ni filter to minimize elastically scatterec
ATR crystal mounted with the incidence angle of light fixed aX-rays.
45°. The sample bench was open to ambient atmosphere, but Bnergy calibration was monitored during each energy sca
sample cover was used to flow humidified &bove the sample with a Cu—metal foil located downstream from the sample. The
during data collection to exclude G@nd reduce evaporation.first inflection point of theK-edge of the Cu—metal foil was
Solution samples were equilibrated on the bench-top befassigned as 8980.3 eV. EXAFS spectra were collected over tl
being transferred to the ATR-cell by dropwise addition oénergy range 8.7 to 10 keV. When the data was converted fro
approximately 3 ml of solution. The supernatant of each sorgnergy tok-space k = 2m.(E — E,)/h?, wherem, is the mass
tion sample was loaded into the cell, and 4000 scans weafthe electronE is the energyE, is the energy ak = 0, and
collected over a range of 600 to 8000 cmThe averaged h is Planck’s constant)E, was defined as 9000 eV. Two to
spectrum was required for background subtraction and showfedr scans for model compounds and 8 to 16 scans for solutic
the absence of glutamate vibrational modes, which confirmedd sorption samples were collected out to 14 i k-space.
that aqueous glutamate did not contribute to the signal. The viBgam-induced changes in the oxidation state or coordinatio
paste was spread onto the ATR-cell with a spatula, and addirvironment of Cu(ll) were not observed for any of the sam:
tional supernatant was applied to prevent drying. The FTIies.
data were collected with a resolution of 4 tin Averaging, normalization, and background subtraction of

The unprocessed FTIR spectra contain regions of strotite raw data were performed with EXAFSPAK (17). Initially,
vibrational and rotational bands from water in the sample atite k*-weighted EXAFS spectra of the model compounds
the air path, and broad absorption bands of AI-O(OH) grougai(Il)-hydroxide, Cu(ll)-acetate, dioptase C3igO,q)
of the alumina substrate (spectra not shown). We will discuésl,O), Cu(ll)—glutamate were fitkcrange= 3-12 A™") with
only the vibrational frequencies of glutamate located betweehase and amplitude functions generated by FEFF7 (18). The
1800 and 1300 cnt. Spectral features of glutamate functionalits were used to test the theoretical phase and amplituc
groups in this region were isolated using a three-step subtréactions. Least-squares fits of the EXAFS and the Fourier
tion method. The spectra of the supernatant, a suspensiorfiltéred EXAFS of each shell were used to determine values fc
alumina, and a blank were sequentially subtracted to remax@ordination numbenY) and distanceR). The fixed values of
contributions from interstitial water, the alumina surface, artie Debye—Waller parametesd) and the accuracy of other
atmospheric water, respectively. The vibrational spectrum pérameters varied during the least-squares fits of solution, ar
the alumina suspension does not change as a function of pksamption samplesN = 10%,R = 0.01 A first-shell, andN +
the spectral region of interest (spectra not shown); therefoBf%, R = 0.02 A for more distant shells) were derived from
the same background spectrum was used for all of the sorpteromparison of the fitted parameters of the model compounc
samples. Spectral subtraction and fitting were conducted witlith interatomic distances and coordination numbers reporte
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100 —— range. In addition, based on Fig. 2B, the Cu(ll):glutamate ratic
A. « K on the alumina surface is approximately 1:2 from pH 4.5to 7
S8 24 In increasingly alkaline suspensions the relative amount c
= Cut20)6 Cu(Glu)p2- glutamate on the surface decreases along with Cu(ll) uptal
E 60 |— until at pH 8.5 the Cu(ll):glutamate ratio on the surface is
5] nearly 1:1. If we assume that all of the glutamate at the surfac
E 40 Cu(Glu)0 is bound to Cu(ll), then these results concur with the finding:
g of previous macroscopic and spectroscopic studies (11-13) th
A~ 20 a 1-to-2 Cu(ll)—glutamate surface complex is the predominar
P 4 - species in acidic suspensions, while a 1-to-1 surface complex
0 = - = predominant in alkaline suspensions. These surface complex
B. —«&- - Cu uptake w/o Glu . . . .
—& -Cu uptake w/ Glu differ from the solution species over the same pH ranges (Fi
—e— Glu uptake w/o Cu 2A) in the alumina-free system. HexaaquoZCions and the
—0— Glu uptake w/ Cu 1-to-1 Cu—glutamate complex are the predominant species
& L acidic solutions, whereas the 1-to-2 Cu—glutamate complex |
= SULLLAS L the predominant species in alkaline solutions.
g PZC of Alumina Cu(ll) uptake was also measured at pH 7.5 and 5.5 with
10_5 1 1:10 Cu(ll):glutamate ratio in solution (data not shown). The
e ] dominant solution species are the same at pH 7.5 and 5.5
they are in the 1:3 Cu(ll):glutamate system (Fig. 2A); there-
& fore, we can indirectly determine if uncomplexed glutamate
0 d, “’,/ T - : : influences the formation of Cu(ll)-glutamate surface com:

3 4 5 6 7 8 9 10 plexes. At pH 7.5, a tenfold excess of glutamate greatly inhibit:

pH Cu(ll) uptake relative to the 1:3 system. The increased inhibi

FIG. 2. (A) Distribution of Cu(ll)—glutamate species in solution. (B)tion of Cu(ll) uptake suggests that the formation of surface
Cu(ll) uptake in the (1) absence and (2) presence of glutamate, and glutané@nplexes in alkaline suspensions depends on the relati
uptake in the (3) absence and (4) presence of Cu(ll). Solution modeledncentration of glutamate in solution. In contrast, increasin
assuming [Cu]= 0.5 mM, [glutamate]= 1.5 mM, 0.1 M NaNQ, with  the relative glutamate concentration beyond a threefold exce:
constants from Martell and Smith (51). Suspensions were prepared W|th0? Cu(II) does not markedly affect Cu(ll) uptake at pH 5.5.

gl/liter alumina and with initial component concentrations equivalent to those .
assumed in the solution model. The shaded area shows the range of PZC vall¥$ result SUgg.eStS that uncomplexed glUtamate_ doe? n
for y-Al,0,. affect the formation of the 1-to-2 surface complex in acidic

suspensions.

) ) ) ] Effect of ionic strength. The nature of the interaction be-
in X-ray diffraction refinements of the structures of Cu(Il)qween the 1-to-2 Cu—glutamate complex and the alumina su
hydroxide (19), Cu(ll)-acetate (20), Cu(ll)-glutamate (21}ace can be indirectly characterized by fixing pH and measul

and dioptase (22). ing uptake as a function of ionic strength. This type of
measurement is traditionally used to distinguish between inne
RESULTS AND DISCUSSION and outer-sphere surface complexes (23). The uptake of

inner-sphere complex should be less dependent on electroly
Cu(l)-Glutamate Uptake concentration than the uptake of an outer-sphere comple

Cu(ll) and glutamate uptake on alumina was measured a¥/hich is typically highly dependent on ionic strength. Increas-
function of pH (4-9) at different Cu(ll):glutamate ratios (1:0ing the ionic strength will reduce the uptake of negatively
0:1, 1:3). The solution speciation of Cu(ll) in the presence éharged species in the presence of a positively charged surfa
glutamate is shown in Fig. 2A, and the uptake behaviors 8u(ll) and glutamate uptake at pH 4.5 and 6.5 decrease, ar
Cu(ll) and glutamate in the single- and binary-sorbate systetiie Cu(ll):glutamate ratio on the surface remains constant :
are compared in Fig. 2B. In the systems with a single adsorbihg as the NaN©concentration increases from 0.001 to 0.5 M
component, glutamate behaves as an anion with uptake (Rigs. 3A and 3B). The ionic strength dependence suggests tf
creasing as pH decreases, and Cu(ll) behaves as a cation Witl)—glutamate complexes are present as outer-sphere col
uptake increasing as pH increases. When glutamate is preggexes in acidic suspensions and implies that Coulombic force
in a threefold excess of Cu(ll), Cu(ll) uptake is enhancetbntribute to the stability of the surface complex. A likely
below pH 5.8 and inhibited above pH 5.8 relative to thelectrostatic contribution could involve the negatively chargec
glutamate-free system. Cu(ll) enhances glutamate uptake sithe chain carboxylate groupg-€arboxylate) and the posi-
alumina by approximately a factor of two over the entire pldvely charged surface functional groups in acidic suspension:
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FIG. 3. Reduced uptake of Cu(ll) and glutamate with increasing NaNO
concentration at (A) pH 4.5 and (B) pH 6.5. Suspensions were prepared with -
Ap B)p p prep Vas(y-COO")

2 glliter alumina and with [Cur 0.5 mM, [glutamate]= 1.5 mM initially
present in solution.

Spectroscopic measurements described below will provide

more direct information on the nature of this interaction.

ATR-FTIR Spectroscopy

[0}
Q
Vibrational spectroscopy can be used to determine Whethe[cgv

v.s band shifts to 1597 cil, and the symmetric deformation
mode §-NH3) of the a-amino group appears as a shoulder ai
1522 cm* (Fig. 4b). At pH 3.3, protonation of the side chain
carboxylate group~-carboxylate) is complete and the sharp
band at 1556 cnt is replaced by a carbonyl stretch at 1719
cm* (Fig. 4c). A spectrum representing the fourth protonatior
state (i.e., protonated-carboxyl group) was not collected
because the Amtir crystal of the ATR-cell is etched by acidic
solutions &pH 4). Therefore, the occurrence of a peak nea
1718 cm* indicates protonation of thg-carboxylate group.
Furthermore, we have demonstrated that throughout the p
range used in this study thecarboxylatev,;band of glutamate

in solution has high and low energy shoulders in the absence |
Cu(ll) and Al(II).

The FTIR spectrum of glutamate in the presence of Cu(ll) a
pH 3.3 (Fig. 4d) is consistent with the solution speciation
predicted in Fig. 2A—the shape and position of the vibrationa
modes of glutamate do not change in the presence of Cu(ll)
pH 3.3. At pH 7.5, glutamate is complexed with Cu(ll) in
solution and thes, band splits into two peaks (1554 and 1596
cm™). In addition, the band assigned to the symmaeirdH
deformation mode is absent from the spectrum (Fig. 4e). Th
new peak at 1596 cm is due to Cu(ll) bonding to one oxygen
atom of thex-carboxylate group. This observation is consistent
with Cu(ll) displacing a proton from the amino group and
forming a five-atom ring structure with the amino acid head-
group of glutamate. The resulting separation of thevibra-

+
Vas(a-CO0O7) A 8-NH3
as(c ) v¢(COO")

V(C=0)

the y-carboxyl groups of glutamate chemically bond to the
alumina surface. However, we must discuss the vibrationa
spectral features of glutamate, Cu(ll)—glutamate, and Al-car-
boxyl species in solution before we can determine how Cu(ll)—
glutamate species interact with the alumina surface.

Glutamate and Cu(ll)—glutamate complexes in agueous so-
lutions. Vibrational spectra representing three protonation
states of glutamate in solution are shown in Figs. 4a—4c, and
the peak positions are recorded in Table 1. Bhamino and
both carboxyl functional groups are deprotonated at pH 10.8.

P
2
o

b
Nl
_d_/ N~
a4

(S

(&
e

\_J

| |

NV
N N
o

The symmetric ¥ and asymmetrici(,) stretching modes of ~ 1800 1700 1600 1500 1400

the two carboxylate groups occur at 1404 and 1556 ‘cm

Wavenumbers (cm-1)

1300

respectively (24) (Fig. 4a). When theamino group is pro-

FIG. 4. ATR-FTIR spectra of (a—c) glutamate in solution at pH 10.5, 7.8,

tonated, a resonance is established with the neighboring Ggfg 3.3, and (d, e) Cu(il)-glutamate complexes in solution at pH 3.3 and 7.¢

boxylate group &-carboxylate). As a result, the-carboxylate

The labels of vibrational modes are described in the text.
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TABLE 1
Results of Quantitative Analysis of FTIR Spectra

a-COO" y-COO™ vy-COO™ COO” COO
Species description pH Vas Vas FWHM" A Av°
Glu* 10.8 1556 1556 51 1403 153
HGIu*” 7.8 1598 1559 41 1404 155
H,GIW° 3.3 1601 1719 N/A® 1408 N/A?
Glu/y-Al 0, 45 1593 1560 48 1410 150
5.6 1593 1557 42 1409 148
6.9 1590 1556 39 1406 150
[Cu(Glu)]* (aq) 9.5 1596 1554 40 1396 158
Cu-Gluk-Al,0, 45 1596 1554 66 1407 147
5.7 1596 1555 69 1404 151
6.5 1597 1551 51 1403 148
7.8 1599 1551 45 1403 148
9.1 1595 1551 37 1403 148
(Acetate) (aq) 3.3 1553 1415 138
Acetate-AF" (aq) 4.0 1581 1474 107
(Acetate) /y-Al O, 5-7 1552 1420 132

Note.All values are reported in wavenumbers (cin

* Peak positions of- and y-carboxylate (COO) (see Fig. 1) asymmetriav{) and symmetric i) stretching frequencies.
® Full-width at half maximum (FWHM).

¢ Difference between-COO v,, and COO v, peak positions (COOAv).

4 The y-carbonyl stretch frequency is listed, and its occurrence is described in the text.

¢ y-COO v, is not present when the-COO group is protonated at pH 3.3.

" Data from Ref. (28).

tional modes of they- and«a-carboxylate groups allowed us tonot the amino acid headgroup. The spectral shifts expected fi
monitor perturbations of the-carboxylate group. The shapeouter-sphere and inner-sphere complexation betweeyp tiae-
and position of this band at 1556 ¢mdo not change as aboxylate group and the alumina surface will be discusse
function of solution pH until the free carboxylate group beginiselow.
to protonate below pH 5.5, resulting in the appearance of theType B interactions with alumina.The vibrational spectra
carbonyl stretching mode at 1719 chnlin the following dis- of Cu(ll)-glutamate complexes at the alumina—water interfac
cussion, we will use the position and shape of these modesgf@ shown as a function of pH in Fig. 6. The peak position:
determine how the free carboxylate groups interact with theported in Table 1 do not differ significantly from those of
alumina surface. Cu(ll)—glutamate complexes in solution. However, two sets o
Glutamate protonation at the alumina—water interfaceobservations address the question of how the Cu(ll)—glutama
Initially, we characterized the protonation states and bondiegmplexes interact with the alumina surface as a function c
of glutamate sorbed on alumina in the absence of Cu(ll) apH. The first set is related to the vibrational modes of the
function of pH. The vibrational spectra are shown in Fig. mmino acid headgroup. The absence of di¢H; mode and
The vibrational modes of the amino acid headgroup (i.@he shift of the a-carboxylate groupr., to 1596 cm* are
a-COO v, and v, 6-NH3) of adsorbed glutamate occur atconsistent with glutamate at the alumina surface complexe
frequencies nearly identical to those observed for glutamateviith Cu(ll) through the amino acid headgroup. The second se
solution. In addition, ther,; and v, modes of they-carboxylate of observations is related to the vibrational modes of the
groups of glutamate adsorbed on the alumina surface at pH §-Barboxylate group.
(Fig. 5a) and 5.6 (Fig. 5b) do not shift relative to glutamate in We were unable to probe the Al(lll)-ligand vibrational
solution. However, when glutamate is adsorbed on aluminarmabdes to determine if the glutamate functional groups bon
pH 4.5, the carbonyl stretch is not present in the spectrum (Fdirectly to Al(lll) atoms on the surface because these mode
5¢), although the carbonyl stretch observed in Fig. 5d at 17&8e typically weak and broad, and they most probably overla
cm ' indicates that the-carboxylate group begins to protonatevith the strong Al(lI1)-O(OH) vibrational modes of alumina.
in the alumina-free suspensions at pH 5.6. This result suggdsistead, information about this interaction must be extracte
that the interaction between glutamate and the alumina surféieen the position and shape of thg; and v, modes of the
inhibits protonation of they-carboxylate group. We can infery-carboxylate group. Extensive discussions in the literatur
from these results that glutamate interacts with the alumihave focused on classifying the type of bonding betweel
surface predominantly through thecarboxylate group, and carboxyl groups and metal ions and (hydr)oxide surfaces (i.e
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| | ] | Whereas, the full-width at half-maximum (FWHM) parameters
of the y-COO™ v, mode compiled in Table 1 indicate that the
broadening of this peak increases significantly for Cu—gluta
mate surface complexes below pH 7.5. This result is consistel
pH with a stronger interaction between the negatively charge

1719 cm-1 carboxylate groups and the positively charged, protonated su
face functional groups with decreasing pH. In addition, the

l 5.6 FWHM of the same peak above pH 7.5 is consistent with the
FWHM of the y-carboxylate groups of Cu(ll)—glutamate com-

d plexes in solution. This observation suggests that the intera
tion between they-carboxylate group and the alumina surface
is weaker in alkaline suspensions.

4.5

Absorbance
(@]

EXAFS Spectroscopy

EXAFS spectroscopic measurements should reveal whe

b Cu(ll) directly bonds to the alumina surface by providing the

56 distance between adsorbed Cu(ll) and surface Al atoms. Hov

ever, Al atoms in the second or third coordination shell (i.e.

>3 A from Cu(ll)) do not scatter X-rays strongly. Therefore,

a evidence for Cu(ll) directly bonding to the surface is not easily

6.9 extracted from the EXAFS spectra. To develop the basis fo

[ [ [ | discerning perturbations in the EXAFS spectra by surface A

1800 1700 1600 1500 1400 atoms in the second coordination shell of Cu(ll)—glutamate

cm-1 surface complexes we must fully describe the EXAFS of Cu(ll)

FIG. 5. ATR-FTIR spectra of (a—c) glutamate adsorbed on alumina asand Cu(I)-glutamate species in solution. The processed C
- l§-edge EXAFS spectra of Cug®)z" (aq), Cu(Glutamaté)

function of pH and (d) glutamate in solution at pH 5.6. The broad feature . | .
1719 cm' is due to the carbonyl stretching frequency. (ag), and Cu(ll) adsorbed on alumina with and without gluta-

monodentate, bidentate, and bridging bidentate) based on the
position and separation of theg;andv, vibrational modesAv)
(25-27). Persson and others (28) compared the IR spectra of
Al(lll)—acetate solution complexes and acetate at the alumina—
water interface. They concluded that acetate forms outer-
sphere complexes on alumina because Ahevalues of ad-
sorbed acetate (132 c¢n) and noncomplexed acetate in
solution (138 cm') were not consistent with Al(lll)-acetate
complexes in solution (107 ci) where an acetate molecule
chemically bonds to the apices of two Al(lll) octahedra. In the
present study thg-carboxylateAv-value of Cu(ll)—glutamate
complexes in solution does not change significantly when the<t
complex is present at the alumina—water interface (Table 1).
These observations suggest that the negatively chaygrea-
boxylate groups of the predominant type of Cu—glutamate
sorption complex are not chemically bonded to Al(lll) at the
surface.

The shapes of thg-carboxylate groups,, mode of Cu(ll)—

bsorbance

glutamate complexes at the alumina—water interface are com- —— j/r\\ I. _________ I 9.1
pared as a function of pH in Fig. 6. Broadening of the stretch- 1600 1500 1400
ing bands of amine groups in ionic solids (25) and water cm-1

molecules at (hydr)oxide—water interfaces (26, 29) has been

. . FIG. 6. ATR-FTIR spectra of Cu(ll)—glutamate complexes in solution (a)
attributed to hydrogen-bonding forces. The CORQ and the and adsorbed on alumina (b—f) as a function of pH. Two component peak fit

a-COO v,;modes of Cu—glutamate surface complexes do Nglihe .-coOO™ (solid gray line) andy-COO™ (dashed gray linej..regions are
undergo significant systematic changes as a function of phtko shown for each spectrum.
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! d | shell are not sensitive to single and multiple scattering by thes
pH more distant, disordered shells.

Cu(ll)-glutamate complexes in solutionThe EXAFS
h spectrum and FT possess additional structure when Cu(glut
mate}  is the dominant species in solution (Figs. 7b and 8b)
55 The Fourier transform components of the atom shells used to 1
g the EXAFS spectrum of this complex are shown in Fig. 9.
95 Relative to aqueous Cu(ll) ions, the shorter average distance
f first-shell equatorial atoms (1.94 0.01 A) is a result of
85 stronger bonding between Cu and O(N) atoms of glutamate
' The coordination number of the first-shell is consistent with &
tetragonally distorted coordination sphere around Cu(ll), an
once again, inclusion of Qdoes not improve or influence the
fit results. The second-shell of atoms was fit with a single
c 4.5 scattering path to carbon atoms of the two five-member chela
rings (Cu—C in Figs. 1 and 8). The first-shell bond length, the
b coordination number, and the distance to second-shell carbc
atoms are consistent with Cu(ll) bonding to theamino and
a-carboxylate functional groups of two glutamate molecules
through equatorial bonds. The rigidity of this complex in the
| | | | | equatorial plane enhances the FT magnitude of the third-she
1 1 |

2 4 6 s 10 12 feature.
k(A

FIG. 7. Normalized,k®-weighted CuK-edge EXAFS spectra of (a) Cu- Cu-Oeq
(I-nitrate (aq) pH 4, (b) Cu(glutamatg)(aq) pH 7.5, and Cu(ll) complexes ! I l ! !
at the alumina surface (c—f) in the presence of glutamate as a function of Cu-C
suspension pH (4.5, 5.5, 8.5, 9.5) and (g) in the absence of glutamate at pH 5.5,
and (h) Cu(OH) model compound.

X (k)*k3
@

d 5.5

Cu-Og

MS1 Cu-Cu
MS2

mate present are compared in Fig. 7. The Fourier transforms pi
(FT) of the EXAFS spectra are shown in Fig. 8, uncorrected for
phase shift, resulting in FT distances approximately 0.4 A
smaller than the actual interatomic distances reported in the
table of final fit parameters which reports phase-shift corrected
distances (Table 2).

Hydrated Cu(ll) ion in solution. The EXAFS spectrum of
Cu** coordinated to HO molecules in aqueous solution is
dominated by a single oscillation due to backscattering from
first-shell oxygen atoms (Fig. 7a). The resulting FT magnitude
of this single-scattering path is labeled Cug{ Fig. 8. The
distance to the first-shell of oxygen atoms (1:97.01 A) is
characteristic of four equatorial oxygen atoms J®f a tet-
ragonally distorted Cu(kD);" octahedron, as previously de-
termined by X-ray scattering (30). The two more distant axial
oxygen atoms are relatively weakly bound to Cu(ll) and,
therefore, have greater static disorder thay. @s a result, 0 ) 4
these atoms do not scatter coherently, and their contribution to R+A (A)
the fit is insignificant (31). Previous authors have included
single scattering from Q and a more distant solvation shell, FIG. 8. Fourier transforms of the processed Kwedge EXAFS spectra of

. . . (@) Cu(ll) in solution at pH 4, (b) Cu(glutamage)in solution at pH 7.5, Cu(ll)
and multlple scattering bEtweequ(m fits of EXAFS spectra of complexes at the alumina surface (c—f) in the presence of glutamate as

Cu(H,0):" (aq) (32-34). These previous results and the resulf§ction of suspension pH (4.5, 5.5, 8.5, 9.5), (g) in the absence of glutamat
of this study demonstrate that the final fit parameters of the @t pH 5.5, and (h) Cu(OH)model compound.

Fourier transform magnitude
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TABLE 2

Results of Quantitative Analysis of EXAFS Spectra

N R o’ N R o’ N R o’ N R a? N R o’ AE,
Sample pH path R) A»  path (A (A»)  path A A» path (A A» pah A AH (eV)
Cu-GIu/ALL,O,4 Cu-Q,, =0.0T Cu-C =0.02 Cu-Q =0.03 MS1 +£0.05 Cu-Al +0.04
4.5 V4 1.96 0.004 3.8 2.81 0.008 1.9 3.75 0.005 1.9 411 0.01 -6.8
55 4 1.96 0.004 3.7 2.81 2.0 3.78 1.8 413 —-6.9
7.5 4 1.95 0.004 2.4 2.81 1.5 3.80 1f 4.1f —6.6
8.5 4 1.95 0.004 1.7 2.80 1.0 3.77 1f 4.1f 1.2 3.49 0.016.8
9.5 4 1.95 0.005 1.8 2.80 1.1 3.75 1f 4.1f 1.1 3.48 0.0+6.3
[Cu(Glu),]* aq 4 1.94 0.004 4.1 2.80 0.008 2.0 3.73 2.3 4.14 0.006 -7.0
[Cu(H,0)¢]*" aq 4 1.97 0.005
Cu/AlLO; Cu-Q, =*0.01 Cu-Al *0.02 Cu-Cu *=0.03 Cu—-Cu *0.03 Cu-Cu *0.03
55 4 1.95 0.005 3.7 2.95 0.017 1f 2.95f0.024 2f 3.3f 0.02 1.4 5.79 0.00#12
Cu(OH), Cu-Q, =0.01 Cu-Cu *0.01 Cu-Cu *0.03 Cu-Cu *=0.02
Af 1.95 0.005 2f 296 0.006 Af 3.35 0.027 3f 576 0.01-7.2
XRD® 4 1.96 0.005 2 2.95 4 3.34 6 5.68

Note.Coordination number), interatomic distanceR), Debye—Waller disorder parameter’), and spectrum energy shift relative to FEFF referendg,j
are listed for shells used in each fit. A detailed description of equatorial oxygen (Guefelate carbon (Cu—C), nonbondeetarboxyl oxygen (Cu—g),
aluminum (Cu-Al), and copper(ll) (Cu—Cu) single scattering paths and linear multiple scattering (MS1) paths are provided in the text.

* Estimated from least-squares fits of EXAFS spectra; error represents 95% confidence interval, 2

® First shell coordination numbers were fixed based on fits of reference aqueous species and known compounds; see discussion in text.

¢ Debye—Waller parameters were fixed in order to compare coordination numbers; see discussion in text.

¢ Parameter values followed by “” were fixed during fit.

¢ Data from Ref. (19).

The majority of the amplitude of the third-shell feature waBig. 1. MS1 is a group of nearly linear-(60°) three-legged
fit with single-scattering from nonbonded (i.e., distal) oxygepaths which result from the configuration of thecarboxylate
atoms in thea-carboxylate groups (Cu—Qn Figs. 1 and 8). groups, and MS2 is a linear path that runs along the equatori
Additional FT magnitude in the third-shell was fit with the twdbonds of the Cu(ll)—glutamate complex. The shortened equz
groups of multiple scattering paths labeled MS1 and MS2 torial bonds relative to aqueous Cu(ll) and the strength of th

n

._
=

S
n

Fourier transform magnitude

0.0

FIG. 9.

CU-OEq

Fit

Data

Fourier transform, overall fit, and individual fit components of th
processed CK-edge EXAFS spectra of Cu(glutamgteomplexes in solu-
tion at pH 7.5. Individual components correspond to Cu-@u-C, and

multiple scattering contributions are indicative of a rigid equa-
torial plane in the Cu(glutamatg) complex. These fit results
provide a unique fingerprint for Cu(ll) bonded to the amino
acid headgroup of two glutamate molecules.

Distribution of Type A and Type B ternary surface com-
plexes. The amplitudes of the second- and third-shell feature:
can be used to estimate the average number of glutama
molecules that complex Cu(ll) at the alumina surface. The
EXAFS spectra and FTs of the two sorption samples equili
brated at pH 4.5 (Figs. 7c and 8c) and 5.5 (Figs. 7d and 8d) al
indistinguishable from the spectrum of the Cu(glutantate)
solution complex (Figs. 7b and 8b). If the disorder paramete
(0®) for each shell is fixed at the values of the solution com:-
plex, then the coordination numbers ard 0% less than the
solution complex. Although this reduction falls within the
uncertainty of these values-(0 to =30%), the consistent
reduction in the coordination numbers could be due to either
minority Cu(ll) surface species complexed to less than twc
glutamate molecules or increased disorder in the equatori
flane of the complex. Nonetheless, the coordination numbe
are consistent with Cu(ll) complexed to two glutamate mole-

Cu—Q, single scattering paths and MS1 and MS2 multiple scattering patR&!l€S on the surface. More importantly, additional structure du

shown in Fig. 1.

to backscattering from Al atoms was not detected in either o
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these EXAFS spectra (discussed below). This result suggests
that the Cu(glutamatg) surface complex is a Type B ternary
complex in acidic suspensions, which is consistent with FTIR
data.

The amplitudes of the second- and third-shell features in the
EXAFS spectra of Cu(ll)—glutamate surface complexes de-
crease uniformly above pH 7.0. Once again, the amplitude
reduction could be a result of an increase in the distortion of the
surface bound Cu(ll)-glutamate complexes. However, the
magnitude of the reduction suggests that a significant amount
of surface bound Cu(ll) is no longer complexed to two gluta-
mate molecules. Above pH 7.5, the second- and third-shell
coordination numbers are half the value of those in the Cu-
(glutamatej” complex. This result is consistent with a 1-to-1
Cu(ll)—glutamate surface complex or a distribution of uncom-
plexed and complexed Cu(ll) sorption complexes. Because of
the reduced positive charge on the alumina surface in alkaline
suspensions and the FTIR results, which suggest that the in-
teraction between the-carboxylate group and the alumina
surface is weaker in alkaline suspensions, the predominant
complex in alkaline suspensions likely interacts with the sur-
face through Cu(ll), forming a Type A ternary complex.

The X-ray absorption near-edge structure (XANES) spectral
region can provide additional evidence for a change from Type
B to Type A interaction with increasing pH. The Giredge
XANES spectra, corrected for background and normalized to
maximum absorption (white line), are shown in Fig. 10A.
Differences between XANES spectra are often more discern-
able in the second derivatives of the spectra, which are shown
in Fig. 10B. A fundamental understanding of features in the
XANES spectra is not well developed in such complex sys-
tems; therefore, a discussion of the structural significance of
individual features is not presented. However, a qualitative
comparison of the features shown in Fig. 10 provides evidence
for changes in the coordination environment of surface-bound

20d Derivative of Normalized Absorption

Normalized Absorption

/
;1

|
Cu(ll). i
The pre-edge feature (p) is not present in the spectrum of /| \ \ ] \
aqueous Cu(kD);", and a single peak at 8997 eV (Fig. 10g) a___. | | |
defines the white line (w) of this species. When complexed to 8970 8980 8990 9000 9010 9020
two glutamate molecules in solution and at the alumina surface Photon Energy (eV)

the white line splits into two peaks (wvand W) (Figs. 10a—
10c). The magnitude of both features diminishes above pH 7_5I':IG. 10. (A) Background subtracted and normalized XANES spectra and

and the white line is broad at pH 8.5 and 9.5 in the presen@ésecond derivatives of the XANES spectra of (a) Cu(glutardamplex
’ ’ In solution at pH 7.5, Cu(ll) complexes at the alumina surface (b—e) in the

and absence_ Qf glutamate on the a|Umina_ surface (Figs. 1Qgksence of glutamate as a function of suspension pH (4.5, 5.5, 8.5, 9.5) a
10f). An additional feature (a) is present in the spectrum @f in the absence of glutamate at pH 5.5, and (g) Cu(ll)—nitrate solution.

Cu(ll) adsorbed on alumina in the absence of glutamate (Fig.

10f). This feature emerges only in the XANES spectra of

Cu(ll) adsorbed on alumina in the presence of glutamate abaiens, Cu(ll) ions may be removed from solution by polymer-

pH 7.5 (Figs. 10d and 10e). Therefore, above pH 7.5 tlwation or precipitation reactions occurring in solution or at the

XANES spectra of Cu(ll) surface complexes in the presence aumina surface. As the suspension pH increases, hydrolysis

glutamate share spectral characteristics of both Cu(ll)—glutau(ll) ions will eventually lead to the formation of surface

mate complexes in solution and Cu(ll) chemisorbed to tlepecies that incorporate additional Cu(ll) ions (i.e., homoge

alumina surface in the absence of glutamate. neous polymers or precipitates) or Cu(ll) and Al(lll) ions (i.e.,
In the absence of glutamate, especially in alkaline suspeanixed metal precipitates). In a recent study of Cu(ll) remova
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from solution by uptake on amorphous aluminum hydroxides,
Karthikeyan and others (35) found evidence for mixed metal
precipitate formation (e.g., Cus®, or a mixed cation hydrox-
ide). These types of mixed cation precipitates have been shown
to form as Al(lll) ions are released from the hydroxide phase
(36-38). The solubility of Cu(ll) in the presence of amino ?
acids is significantly increased in near-neutral and alkaline «
solutions (39), and, therefore, it was unlikely that any of the i 0.0
suspensions were saturated with respect to oxides, hydroxidesR
carbonates, and basic salts of Cu(ll) (40, 41). However, the
possible occurrence of precipitates or polymer species in the
sorption samples was evaluated with EXAFS spectroscopy.
The presence of either Cu(OH)ke or CuAl,O, precipitates
may be identified by features in the EXAFS spectra and FTs of
the sorption samples. For example, the spectrum of the 5 7
Cu(OH), model compound has distinct features arising primar- k (A-l)
ily from a mixed second-shell and a third-shell of neighboring
Cu(ll) ions at distances of 2.96 A and 3.35 and 5.76 A, FIG. 11. Theoretical contribution from a single Al shell overlaid on the
. . . residual EXAFS spectrum of Cu(ll) surface complexes at pH 8.5 after sub
reSpeCtlvely (Flgg. 7h and 8h)' The spectrum of a sor_pt'(l)rgcting contributions from equatorial atoms and a single glutamate molecule
sample prepared in the absence of glutamate at pH 5.5 (Figs. 79
and 8g) contains a shell of Cu-neighbors at 5.79 A (corrected
for phase shift), which indicates that Cu(ll) polymers or prediscrete oscillation was present only in the residual spectrum ¢
cipitates are present in the sample. Further analysis indicasesption samples prepared at pH 8.5 (Fig. 11) and 9.5.
that this spectrum is likely a combination of Cu(QHike The residual spectrum for Cu(ll)—glutamate sorbed on alu
polymers or precipitates and Cu(ll) sorption species on tf@ina at pH 8.5 and the theoretical contribution from a shell o
alumina surface (see Table 2). Cheah and others (42) obserddcatoms at 3.5 A are compared in Fig. 11. In a glutamate-fre
dimeric Cu(ll) sorption on an amorphous silica surface. Unlikeu—alumina sample, Cheah and others (42) found Al atoms :
the spectrum of higher-order polymers or precipitates whi@h83 A from Cu(ll) and concluded that Cu(ll) forms either one
contains two distinct Cu shells, the spectrum of Cu(ll) dimerfeond with a singly coordinated surface oxygen atom (corner
species contains a single contribution from neighboring ¢iffaring monodentate complex) or two bonds with a singl
atoms at approximately 2.6 A. In this study, we did not fin@!Os Octahedron (edge-sharing bidentate complex) at the al
evidence for Cu(ll) neighbors in the EXAFS spectra of sampl@%‘na surface. lr_‘ the presence O_f glutamate (th'_s’ stu_dy), th
prepared in the presence of glutamate. Therefore, we assdﬂﬂ_ger Cu—AI distance (3.5 A) is con 5|st_ent with N ither a
that Cu(ll) has not precipitated or formed polymers at thcéorner-sharlng monodentate or a bridging bidentate (i.e., bon

alumina surface and that the proposed Type A ternary compljg% toot:vghzg]g)y iﬁﬁgfjsm?]teeri (::)ggelr; Xatiﬂrgzr?;engggb;?lgg
is the dominant surface species in alkaline suspensions. 6 b pex. . |
(43) proposed that Cu(ll) ions form bridging bidentate com-

Structure of Type A ternary surface complex in alkalinglexes on the gibbsite surface. Below pH 7.5 where the 1-to-
suspensions. Based on the distance between Cu(ll) in theu(ll)-glutamate complex is the dominant surface species
proposed Type A ternary complex and Al surface atoms, wentributions from glutamate are the only components evider
can characterize the type of interaction between the compiexthe EXAFS spectra, indicating that Type A complexes are
and the surface. If we detect Al atoms within 3.8 A of Cu, thenot present in significant numbers relative to the Type E
Cu(ll) ions must bond directly to Al(O,OHgt the surface, and complex.
we can deduce the number and type of surface functional . _
groups involved. Cheah and others (42) discuss the theoretiedfface Complexation Reactions

basis for characterizing inner-sphere Cu(ll) surface complexeszased on the macroscopic and spectroscopic results pr
on alumina based on the distance between Cu and Al atoms.sEited above, the dominant modes of Cu(ll) uptake on alumir
determine if Al scattering contributes to the EXAFS, it isn the presence of glutamate between pH 4 and 9.5 may t
useful to analyze the residual spectrum. In the case of Cu(lhepresented with two types of surface reactions. The predon
glutamate surface complexes, the residual spectrum consisthaht reaction at high pH involves a direct bond between Cu(ll
the component(s) remaining after subtracting contributiom$id the oxide surface (i.e., Type A ternary complex). The
from first-shell atoms (i.e., Cu={) and more distant atoms inEXAFS and FTIR results suggest that the amino acid heac
glutamate molecules (i.e., Cu-C, Cuz®IS1, and MS2). A group of a single glutamate molecule occupies two equatori

0.4

-0.4}
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bonds of Cu(ll) in this complex. Because the predominaand may also contribute to the stability of this complex. This
complex in solution is Cu(glutamate) the reaction can be type of hydrogen bonding has been implicated as the domina

written as follows: contribution to the stability of Pb-EDTA complexes at Fe- and
Al—(hydr)oxide surfaces (45).
XAl OH) + [CU(Glu),(H,0),]> + (2 — x)H,0 The proposed outer-sphere Type B interaction has addition

B Ly . implications for surface complexation models. First, the uptak
= [(AlsuO), = Cu(Glu)(HO)4-,] ™ + HGIu of this complex should depend only on one conditional stability

+ (x—1)H*. [1] constant and the protonation reactions of surface function:
groups. Second, the sorption capacity of the alumina surfac

The EXAFS results, which are consistent with Cu(ll) formingVill strongly depend on how many surface sites this comple;

monodentate or bridging bidentate surface complexes, limit tAECUpies. Intermolecular interactions (i.e., hydrogen bonding

valuex to either one or two. The spectroscopic results do ne@mbined with nonspecific binding to the hydroxide surface

provide any direct information about the release of proto§®uld greatly increase the alumina surface’s capacity for Cu(ll

from this reaction. However, derivation of a conditional st8nd glutamate uptake in acidic suspensions.

bility constant for this reaction should be further constrained by We can combine reactions [1] and [2] to help determine if

considering the predominance of this surface complex in alk&® reaction scheme is consistent with the macroscopic obse

line suspensions. vations of Cu(ll) uptake as a function of pH and relative
In contrast, the Cu(glutamafe) complex is the dominant concentration of glutamate in solution. According to reactior

surface species in acidic suspensions where the aqueous Clﬁil)

ion and the Cu(glutamateyomplex are the dominant solution

species. A similar phenomenon has been observed at phyiéd,(OH,) * - - - [(Glu),Cu(H,0),]* + (2 — X)H,0

silicate surfaces in the absence of a complexing ligand, where x 1-

the first hydrolysis product of Cu(ll) was observed at the = [(AlsO) = CUlGIU) (H0), ] + HGlu

surface at a more acidic pH than the equivalent species formed + (2x— 1)H™ [3]

in solution (43). The FTIR and ionic strength dependent uptake

results of the present study suggest that direct chemical bomgls addition of protons to an equilibrated suspension (i.e.
do not form between this Type B complex and the alumingecreasing pH) will drive the formation of the proposed Type
surface. In addition, there was no evidence in the FTIR specHaernary complex. This pH dependence is consistent with th
for protonation of they-carboxylate groups. Therefore, a singlgpectroscopic results. Furthermore, additional glutamate, at

type of complex could be represented by the reaction fixed pH, will drive the proposed Type A complex off of the
alumina surface as described by reaction [2]. Although we
XAl g, (OH) + [Cu(Glu),(H,0),]* + xH* propose that only two ternary surface complexes are necess:s

_ + 2- for modeling Cu(ll) and glutamate uptake in this system, the
= XAlan OF) ™ - - - [(GIU),CUH0) 1™, [2] proposed interactions between the ternary complexes and t
here “ - 7 represents a relativelv weak. perhans outer-s healumina surface have important implications for other mecha
w . presen IVe'y weax, p ps ou PNeISsms of Cu(ll) uptake in this system and more complex
interaction. The ionic strength-dependent uptake suggests trqgt[;]ral systems

electrostatic forces may contribute significantly to the stability '
of thls_spemes. However, broadening of thg vibrational Implications for Enhanced Dissolution and Precipitate

mode in the FTIR spectra demonstrates that the electronlqzormation

environment of they-carboxylate group is perturbed by the

alumina surface, suggesting that the enhanced uptake is ndfhe potential for an increase in the activity of*Alin soils
simply caused by a concentration of this species in the electais a result of enhanced dissolution and subsequent comple
double layer. Furthermore, two previous studies were unablediion with soluble organic molecules may have toxic effects ol
account for the stability of similar carboxylate—surface inteplants and biota (46). Bibet al. (47) proposed that dissolution
actions with electrostatic forces alone (44, 28). Hydrogeates of (hydr)oxides in the presence of organic ligands deper
bonding between hydrophilic, negatively charged carboxylat& how a ligand interacts with the (hydr)oxide surface. Spe
groups and water molecules in solution is expected. Therefocdically, they found that A" release increased with decreas-
a hydration shell between the complex and the alumina surfang size of the chelate ring formed between the adsorbini
or AI(OH) surface functional groups may form hydrogemrganic ligand and Al atoms at the (hydr)oxide surface. Lud:
bond(s) with they-carboxylate group and contribute to thewig et al. (8) went further and predicted ligand-promoted
stability of this Type B surface complex. In addition, hydrogedissolution rates of (hydr)oxides from the stability constants o
bonding through the nonbonded oxygen atoms of dhear- the (hydr)oxide cation—organic complexes in solution. They
boxylate groups is observed in metal-amino acid salts (25und that dissolution rates increased with the number o
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organic functional groups bonded to surface cations. An eB-16 A was observed in all three samples and is consistent wi
hanced rate of alumina dissolution by the mechanism discusskee five-member chelate formed when Cu(ll) is complexed by
above is not likely in this system because we observed ao amino acid headgroup. Furthermore, the features in tf
direct bonding between glutamate and the alumina surfaé@urier transform of the soil extracted humic substance, whic
However, glutamate could indirectly enhance proton-promotedntained the most nitrogen (2.5 wt%) of the three substance
dissolution by decreasing the repulsive positive charge of thee nearly identical to the features in the FT of Cu(ll)—gluta-
alumina surface. The concentration of*Alin solution may mate solution complexes.
also affect the activity of Cu(ll) ions in metal—-(hydr)oxide
suspensions. CONCLUSIONS

The reduced activity of metal(ll) cations as a result of
mixed-metal precipitate formation has received much attentionEXAFS and FTIR spectroscopic results indicate that twc
recently (48, 38, 37). Karthikeyaet al. (35) found that the types of Cu(ll)—glutamate complexes are present at the alt
removal efficiency of Cu(ll) in the presence of Al-hydroxideghina—water interface between pH 4 and 9. The distribution o
increased with increasing solubility of the starting hydroxidée two complexes is highly pH dependent. In alkaline susper
phase. The absence of Cu(ll) polymerization or ordered p&ons a 1-to-1 Cu(ll)—glutamate inner-sphere Type A ternar
cipitation in alumina suspensions with glutamate present mayrface complex is the dominant surface species. A 1-to-
result from reduced activity of Al and Cd* ions due to Cu(ll)-glutamate outer-sphere Type B ternary surface corr
glutamate complexation in solution and at the alumina surfaddex is the predominant surface species in acidic suspensior
Therefore, a fundamental understanding of how organic furl@gased on the spectroscopic results, we propose two surfa
tional groups interact with (hydr)oxide surfaces and dissolvégactions for modeling ternary Cu(ll)-glutamate—alumina in-
metal ions is crucial when considering the wide range geractions under the solution conditions of this study.

processes responsible for Cu(ll) cycling in aqueous environ-We infer from FTIR spectroscopic results and macroscopi
ments. uptake measurements that long-range forces are primarily r

sponsible for retaining the Type B complex at the alumina-
water interface (i.e., outer-sphere complex). FTIR results suc
gest that the nonbonded carboxylate groups interact mo
Davis (10) derived an apparent stability constant for Cu(ll)strongly with the alumina surface. In addition, competition
NOM ternary complexes from titration data and employed Retween negatively charged ions and this complex for th
surface complexation model to describe Cu(ll) uptake cdumina surface suggests that electrostatic attraction is a maj
v-Al,O; in the presence of NOM. The uptake behavior gfomponent of the forces responsible for enhanced Cu(ll) uf
Cu(ll) in the presence of NOM in this system is strikingly@ke in near-neutral and acidic suspensions. However, hydr
similar to Cu(ll) uptake behavior in the presence of glutamat@en bonding to the alumina surface through nonbonding ca
Specifically, the pH dependence of Cu(ll) uptake in the preBoxylate oxygen atoms, solvation-shell molecules, an
ence of NOM is the same as in the presence of glutamateleighboring glutamate functional groups may also contribut
enhanced in acidic suspensions and inhibited in alkaline si@-the stability of the surface complex. The influence of thes:
pensions (10). In addition, increasing the amount of NOf®@rces on glutamate molecules in the alumina—water interfacie
relative to Cu(ll) in solution at a constant alumina concentr&€dion is evidenced by suppressed carboxylate protonation al
tion further inhibited Cu(ll) uptake in alkaline suspensiongnhanced complex formation between Cu(ll) and glutamat
Finally, Davis also concluded that the alumina surface ifielative to alumina-free suspensions.
creases the stability of Cu(ll)—organic complexes relative to Similarities between Cu(ll) uptake behavior in the presenc:
the same complexes in solution. These similarities suggest tAhglutamate and NOM suggest that similar sorption mecha
glutamate functionality successfully mimics the dual functiorfisms influence Cu(ll) uptake in both systems. This study
ality of NOM, namely, simultaneously interacting with Cu(ll)demonstrates the need for fundamental investigations of Cu(l
and the mineral surface. uptake in simplified laboratory systems. Furthermore, this
Spectroscopic studies of Cu(I)-NOM complexation hawork is an essential step toward isolating the most importar
revealed that amino acid functional groups of NOM may plaifnctional aspects of more complex natural organic matter witl
a significant role in complexing Cu(ll) ions in natural systemdhe ultimate goal of predicting metal ion cycling in complex
Based on results of an ESR study, Senesi (49) proposed thafural systems.
Cu(ll) is complexed by either four oxygen atoms or two
oxygen and nitrogen atoms (i.e., two amino acid headgroups) ACKNOWLEDGMENTS
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